We present optical photometric and spectroscopic observations of the 1987A-like supernova (SN) 2009mw. Our BV RI and g ′ r ′ i ′ z ′ photometry covers 167 days of evolution, including the rise to the light curve maximum, and ends just after the beginning of the linear tail phase. We compare the observational properties of SN 2009mw with those of other SNe belonging to the same subgroup, and find that it shows similarities to several objects. The physical parameters of the progenitor and the SN are estimated via hydrodynamical modelling, yielding an explosion energy of 1 foe, a pre-SN mass of 19 M ⊙ , a progenitor radius as 30 R ⊙ and a 56 Ni mass as 0.062 M ⊙ . These values indicate that the progenitor of SN 2009mw was a blue supergiant star, similar to the progenitor of SN 1987A. We examine the host environment of SN 2009mw and find that it emerged from a population with slightly sub-solar metallicty.
INTRODUCTION
The explosion of supernova (SN) 1987A in the Large Magellanic Cloud was a unique event that has immeasurably improved our understanding of the evolution of massive stars. It is the most studied SN, with a vast amount of literature published. It was also a high-impact event in the sense that very few similar SNe have been observed so far. These objects are core-collapse events with spectra akin to those of the very common SNe II-P. However, while both models and observations found that SNe II-P emerge from red supergiant (RSG) stars, the progenitor of SN 1987A was a blue supergiant (BSG, see Arnett et al. 1989 , and references therein).
⋆ E-mail: ktakats@gmail.com 1987A-like SNe are intrinsically rare, Pastorello et al. (2012) estimated that they represent about 1 − 3 per cent of all core-collapse SNe in a volume-limited sample. In fact, after SN 1987A we had to wait 11 years for the discovery of the next event, SN 1998A . Since then there have been a few more objects studied. Kleiser et al. (2011) published observations of SNe 2000cb and 2005ci, though they note that SN 2000cb does not match the characteristics of either SNe II-P or SN 1987A, its B band light curve is more similar to that of SNe II-P, while in the redder bands it shows the slow rising light curve of 1987A-like SNe, therefore its classification as 1987A-like object is questionable. Taddia et al. (2012) presented data of SNe 2006V and 2006au, while Pastorello et al. (2012 published SN 2009E, all of which are well-observed examples of this subgroup. Pastorello et al. (2012) compiled the known sample of 1987A-like SNe to date, 11 objects in total, including SN 1987A, but also SN 2000cb. Arcavi (2012) showed the light curves of SNe 2004ek, 2004em and 2005dp that might also belong to this subgroup. Taddia et al. (2016) analysed the data of SNe 2004ek, 2004em, 2005ci and 2005dp , and added to the sample PTF09gpn, and PTF12kso. The light curve of SN 2004ek resembles to that of SN 2000cb. Kelly et al. (2015) classified SN Refsdal as a luminous 1987A-like SN. In summary, the entire available sample of 1987A-like SNe consists of maximum 17 objects, only a handful of them having well-sampled, multiband light curves and spectroscopic observations.
In this paper we report on the observations of SN 2009mw, a member of the group of 1987A-like objects. SN 2009mw was discovered on December 23.30 UT 2009 in ESO 499-G005 by the Chilean Supernova Search (CHASE, Pignata et al. 2009 ) project, and was classified as a Type II-P SN on December 25.2 UT (Maza et al. 2009 ). The classification spectrum suggested a normal SN II-P about a month after the explosion, however, the subsequent photometric follow-up revealed a light curve similar to that of SN 1987A.
This paper is organized as follows. In Sect. 2 we present the photometric data and light curve analysis. In Sect. 3 we show the spectroscopic follow-up data and compare it to those of other 1987A-like SNe. We estimate the physical parameters of the progenitor and the explosion of SN 2009mw via hydrodynamical modelling in Sect. 4, and analyse the host environment in Sect. 5. Finally, the results are summarized and discussed in Sect. 6.
PHOTOMETRY
Optical photometric observations of SN 2009mw were obtained with the PROMPT Telescopes in BV RI, g ′ r ′ i ′ z ′ , and open filters. The data reduction was carried out using standard iraf 1 tasks. After the basic reduction steps (biassubstraction, overscan-correction, flat-fielding), the photometric measurments of the SN were performed with the point-spread function (PSF) fitting technique. We calibrated the photometry by observing standard fields (Landolt 1992; Landolt & Uomoto 2007; Smith et al. 2002) on photometric nights. With the help of these images, magnitudes for a local sequence of stars (Fig. 1, Table 1 ) in the SN field were determined and used to calibrate the SN measurements (Fig. 2 , Table 2 ). Some of our observations were taken without filter. Since the effective wavelength without filter shaped by the CCD QE is close to the effective wavelength of the R band, we decided to calibrate the unfitered instrumental magnitudes to the latter band. To compute the transformation we used a colour term estimated by observing Landolt standard stars without filter i.e. with the same setup used for the SN observations.
Our observations lasted for about 167 d after discovery, covering the evolution around the maximum and ending right after the tail phase started. Fitting a low order polynomial around the maximum, we determined that the Table 1 .
B-band maximum occured 71 d after the discovery epoch, i.e. on M JD = 55258.8 ± 0.4, with an apparent magnitude of mB = 18.99 ± 0.02 mag.
In Fig. 3 we compare the BV Rr ′ Ii ′ light curve shapes of several 1987A-like SNe with those of SN 2009mw. Some relevant parameters of the SNe that we use for comparison throughout the paper can be found in Table 3 . In Fig. 3 the light curves of the comparison SNe are shifted vertically to match the peak magnitudes of SN 2009mw. This figure shows that the light curve shapes of the different objects are quite similar, only those of SN 2000cb differ significantly, showing flatter curves in V RI bands and missing the broad, late maximum of the B band curve entirely.
Since we do not have non-detections to constrain the explosion epoch of SN 2009mw, we have to rely on comparisons with other similar objects. In the small sample of this subgroup, the only SN with well-known explosion epoch is SN 1987A. The B maximum of this object occurred 82.2±1.1 days after the explosion. Another SN with some constrains on the explosion epoch is SN 2009E , that exploded 86.5 ± 6.8 days before the B maximum. This value is quite similar to that of SN 1987A, but with higher uncertainties. We determined the explosion epoch of SN 2009mw by adopting the weighted mean of the two values, 84.3 ± 3.5 d, leading to the explosion epoch M JD = 55174.5 (2009 Dec 9.5 UT), 14 d before discovery.
Reddening and colour curves
The galactic reddening in the direction of SN 2009mw is E(B − V )MW = 0.054 ± 0.001 mag (Schlafly & Finkbeiner 2011) . In the spectra (Section 3) there are no visible Na i D absorption lines, the usual tracers of host galaxy extinction. Therefore we assume the host galaxy extinction component to be negligible, and adopt the galactic component as the total reddening towards the SN.
In Fig. 4 we show the (B − V )0, (V − R)0 and (V − I)0 colours corrected with E(B − V ) = 0.054 mag. Since the epochs of the B band photometry differ from the others, we interpolated the V band light curve to the epochs of the B band observations in order to calculate the (B − V )0 colour curve. In Fig. 4 we also compare the colours to those of other 1987A-like objects. The reddening values of these SNe can be found in Table 3 . In the case of SNe 2006V and 2006au ri band magnitudes are available instead of RI band observations . We included these objects in the colour comparison by transforming the ri magnitudes to the Johnson system using the formulae of Jordi et al. (2006) . Since these equations were calibrated for stars, first we tested them by converting r ′ i ′ magnitudes of SN 2009mw to RI magnitudes and comparing the result with measured values. We found that they agree within 1σ. Encouraged by this, we converted the ri magnitudes of SNe 2006V and 2006au to the RI bands and used these values for the colour comparison. Fig. 4 shows the colour comparison between SN 2009mw and the other SNe in our sample. SN 1987A has redder colours during its pre-maximum evolution than most of the Table 3 . The explosion epoch, the epoch of the B maximum, the maximum absolute magnitude in B band, the reddening and the distance of the SNe used for comparison throughout the paper. References: (1) Menzies et al. (1987) , (2) Catchpole et al. (1987) , (3) 4 Mpc 2 . In this paper we adopt the weighted mean of these distances, D = 50.95 ± 4.07 Mpc (µ = 33.54 ± 0.17 mag).
The B band peak absolute magnitude of SN 2009mw using the obtained distance is MB,max = −14.77±0.17 mag. This value is among the lowest in our sample of 1987A-like SNe (Table 3) , it is similar to that of SN 1987A and only slightly higher than that of SN 2009E.
In Fig.5 we compare the BV RI quasi-bolometric luminosities of 1987A-like SNe to that of SN 2009mw. We used the same method for all of the SNe to calculate these lumi- nosities, by converting the BV RI magnitudes to fluxes and integrating them using Simpson's rule. The distances of the SNe used for comparison can be found in Table 3 . The luminosity of SN 2009mw is similar to that of SN 2009E and somewhat lower than that of SN 1987A.
SPECTROSCOPY
Four optical spectra were taken of SN 2009mw with the 8.1-m Gemini South Telescope (+GMOS), the 4.1-m Southern Astrophysical Research Telescope (SOAR+Goodman) and the 2.5-meter Irénée du Pont telescope (+WFCCD) (see Table 4 ). The reduction, extraction and calibration of the spectra were carried out using standard iraf tasks. In the case of the Gemini-S data, we used the tasks in the gemini package in iraf. Note, that the wavelength calibration of the first spectrum is somewhat uncertain, since we had to use the night sky lines for calibration. The reduced spectra are shown in Fig. 6 .
The spectra show features that are typically present in SNe II-P during the recombination phase, such as the H i Balmer series, Na ii, Ca ii, Ba ii, Fe ii, Sc ii, Ti ii (Fig 7) . During the observed period the same features stay present, while the Na i and H i lines strengthen significantly.
In Strong Ba ii features often appear in the spectra of subluminous SNe II-P and their appearance are usually explained invoking temperature effects (see e.g. Turatto et al. 1998; Pastorello et al. 2012; Takáts et al. 2014) .
In order to quantitatively compare the strength of some of the features in different SNe, we measured the pseudo equivalent widths (pEWs) of the absorption components of the Hα, Hβ, Fe ii λ5169 and Ba ii λ6142 features. In Figure 8 we compare these values. The pEWs of Hα show large scatter among the different supernovae, while the pEWs of Hβ seem to split into two groups at phase 40 days after explo- show an interesting behavior, the pEWs of both Hα and Hβ increase rapidly after explosion, reaching the peak at 19 d and 8 d after explosion, respectively, then decrease rapidly. Lyubimkov (1991) have analysed this behavior and concluded that it is due to the temperature evolution and the difference in density between the layers that produce Hα and Hβ. In our sample SNe 2000cb and 2006au seem to show similar behavior, though they're less well-sampled.
The first spectrum of SN 2009mw is early enough to indicate that it does not behave the same way, or, possibly, the maximum of the pEW of the Balmer lines are earlier than in the case of SN 1987A. We measured the temperatures of the SNe in our sample by fitting blackbody curves to their spectra (Fig. 9) . The temperature of SN 1987A shows rapid decrease until about 20 d after explosion. The early time temperatures of SN 2000cb are lower and the decrease is less steep, while in the case of the rest of the SNe we do not have sufficient observations to compare their behavior at this phase. After 20 d after explosion, all the SNe in out sample have significantly higher temperatures than SN 1987A, which is also reflected by the colour curves (Fig. 4) . The pEWs of the Fe ii lines show some scatter at early phases but are quite similar for all the SNe except 2009E at around phase 70 d after explosion. Anderson et al. (2016) found a correlation between the pEW of the Fe ii features and the oxygen abundance of the host environment of SNe II. Assuming, that this correlation exists for 1987A-like SNe, similar pEWs of Fe ii lines would indicate that the objects in our sample emerged from similar environments (see also Sect.5). Figure 8 also indicates, that SN 2009E is quite peculiar since the pEWs of almost all of its lines are low, except that of the Ba ii feature, which is significantly higher than most of the other SNe.
We measured the Doppler-velocity of several lines in the spectra of SN 2009mw as well as in those of the other 1987A-like SNe. Fig. 10 compares the velocities measured from Hα, Hβ and Fe ii λ5169. These velocities show little differences, though during the first 10 days of evolution we only have data of SNe 1987A and 2000cb, and this is the period when the velocity changes more rapidly. At later phases the velocity curves are quite flat. SN 2009E had somewhat lower velocities than the others in this sample, while SN 2009mw had values similar to those of SNe 1998A and 2006au.
PHYSICAL PARAMETERS
Comparing the observed parameters of a SN to those derived from semi-analytical and hydrodynamical modeling is a frequently used technique to estimate the physical properties of the progenitor and the explosion. Here we use a one dimensional Lagrangian LTE radiation hydrodynamic code (Bersten et al. 2011 ) for this purpose. We adopted double polytropic models as initial condition for our simulations.
These parametric models preserve the typical density structure of blue supergiant (BSG) stars, which are commonly assumed to be the progenitors of 1987A-like SNe. While pre-SN models calculated from stellar evolution have a more clear physical grounding, especially if we are to connect the pre-SN mass with the mass of the star on the main sequence, we do not have access to a set of such models for BSGs. We note that in double polytropic models the pre-SN mass and radius are assumed to be independent parameters to be determined based on the comparison with the observations. The explosion itself was simulated by injecting a certain amount of energy near the center of the progenitor object. We simultanously model the velocity curve, using the velocities determined from the Doppler-shift of the Fe ii λ5169 line, and the bolometric luminosity curve due to the degeneracy between the progenitor mass and expansion velocities.
Since we do not have UV or NIR data to directly calculate the bolometric luminosity, we followed the example of Pastorello et al. (2012) , by assuming that the bolometric correction is identical for SNe 1987A and 2009mw. We calculated LBV RI,87A using the same method as for SN 2009mw (Sec.2.2), while the bolometric luminosity curve was adopted from the literature (Catchpole et al. 1987 (Catchpole et al. , 1988 . The determined bolometric correction for SN 1987A allowed us to calculate the L bol,09mw curve, which is shown in Figure 11 .
In the same figure we also present the best-fitting model, which corresponds to a progenitor radius of 30 R⊙, an explosion energy of 1 foe, a 56 Ni mass of 0.062 M⊙, and a pre-SN mass of 19 M⊙, assuming that a compact remnant of 1.5 M⊙ was formed during the explosion (model M19R30E1Ni062). In order to find this model, several calculations with different masses, radii, energies, and radioactive material have been performed. Fortunately, each parameter affects the resulted light curve in a particular way. Even if there is degeneracy between the explosion energy and the pre-SN mass, this can be removed by considering the expansion velocities. This is demonstrated in Figure 11 , where the sensitivity of the model to the explosion energy and the pre-SN mass (upper and lower panels, respectively) is shown. In this figure models with different explosion energies (E = 0.5, 1, and 1.5 foe) and masses (M = 15, 19, and 22 M⊙) are presented. We kept the other parameters identical to those of model M19R30E1Ni062. As shown, changing the pre-SN mass has only a small effect on the resulting velocity, it is the explosion energy that mainly regulates the photospheric velocity evolution. After setting the energy from this comparison, we varied the rest of the parameters until we found the best model that describes the observed evolution. We also found that changing the progenitor radius mainly affects the early phase of the light curve, while the 56 Ni mass determines the tail luminosity.
The parameters of some of the 1987A-like SNe have been determined with similar techniques, Table 5 summarizes these results. It shows that the progenitors of these objects are all compact stars, with a progenitor radius less than 100 R⊙. The ejecta mass is close to 20 M⊙ in all cases (though one of the models for SN 1987A found smaller values). The variation of the explosion energy is the range of a few foe, and the nickel mass changes in the range between 0.04 − 0.13 M⊙. (Pun et al. 1995 ), 1998a ), 2000cb (Kleiser et al. 2011 ), 2006V, 2006au (Taddia et al. 2012 ) and 2009E (Pastorello et al. 2012 . Taddia et al. (2013) studied the environments of 1987A-like SNe, and found that these objects are located either on the outer parts of bright, metal-rich galaxies or in faint, metalpoor hosts, and that on average these SNe emerge from populations with slightly lower metallicity than that of the hosts of normal SNe II-P.
HOST ENVIRONMENT
The host galaxy of SN 2009mw, ESO 499-G005 is a type SAB(s)c galaxy, with the absolute brightness of MB = −19.7 mag. The SN is located in the outskirts of the galaxy (see Fig. 1 ), the ratio between its deprojected position and r25 is dSN/r25 = 1.4. We were able to extract a spectrum of an H ii region close to the position of the SN from the spectrum taken with the du Pont telescope (Sec. 3). Using the relations of Marino et al. (2013) we determined the oxigen abundance (12 + log(O/H)) as N 2 = 8.39 ± 0.05 dex (note that the systematic error of the diagnostic is 0.16 dex). As part of a project to determine the metallicity of parent populations of SNe, there were VLT+FORS2 spectrum taken of this galaxy, aiming for another SN it hosted, SN 2008H (Anderson et al., in prep.) . SN 2008H was located in the center of the galaxy, that is the position where the slit was placed. We were able to extract spectra at several positions along the slit and used the relations of Marino et al. (2013) to determine the oxygen abundance. The derived metallicity is solar-like close to the center of the galaxy and decreases along the deprojected distance from it. None of our measurements extend as far as the deprojected distance of SN 2009mw, but by extrapolating the gradient we can estimate the oxygen abundance at the distance of SN 2009mw as N 2 = 8.32 ± 0.08 dex, a somewhat sub-solar value (see Fig. 12 ). 
DISCUSSION
In this paper we present optical photometry and spectroscopy of SN 2009mw. This SN belongs to the small subgroup of 1987A-like SNe, which are Type II SNe characterized by a light curve which keeps rising for about 3 months after explosion. The current sample of 1987A-like SNe is very small, which originates from the fact that they are intrinsically rare. To date, data of less than 18 objects has been published, and only a few of them have multiband photometric and spectroscopic data available. We examined the metallicity of the host environment of SN 2009mw, and found a somewhat sub-solar value for the oxigen abundance, aligned with the findings of Taddia et al. (2013) , namely that 1987A-like SNe emerge from environments with slighty lower metallicty than those of SNe II-P.
Our comparison of SN 2009mw to other 1987A-like SNe shows, that while some of their parameters show variations, others such as their spectra, progenitors and environments are quite similar. We need a greater sample of these objects in order to understand that, for example, why the light curves of SNe 2000cb and 2004ek stand out so much, while their progenitors are similar to the rest. 1987A-like SNe seem to emerge from BSG stars located in environments with slightly sub-solar metallicity, though the processes that produce and explode these stars are still debated.
